Extensive details are presented of an experimental system consisting of a diamond-anvil pressure cell, a Si(Li) detector, a four-axis micropositioning system, and detection electronics assembled for performing energy-dispersive X-ray diffraction measurements with a synchrotron radiation source. Procedures for aligning and calibrating the system at the synchrotron facility are presented and the system is used to examine the first-order structural phase transitions in both KC1 and KI. Structural information has been obtained with this system from the high-pressure environment in a fraction of the time normally required. Diffraction peaks could be identified and measured to an accuracy of +_0" 1 ?/0 within 200 s and to an accuracy of +_0"4?/o within 0-5 s. Optimum ranges for diffraction angles and X-ray photon energies are reported. Volume compress/b/l/ties of KCI and KI in the low-pressure (B1 structure) and the high-pressure (B2 structure) phases are given along with information about the hysteresis loop associated with this transition.
Introduction
The concept of performing X-ray diffraction experiments by illuminating the sample with polychromatic photons and analyzing the scattered radiation under conditions of fixed geometry in terms of its energy content, so-called energy-dispersive X-ray diffraction (EDXD), was introduced independently by Giessen & Gordon (1968) and by Buras, Chwaszezewska, Szarras & Szmid (1968) , over a decade ago. Since that time, experiments designed to exploit the advantages of this technique, over the more conventional angular dispersive diffraction, have been described in more than one hundred publications on the subject; a recent review of * this literature has been prepared by Laine & LS.hteenmS.ki (1980) .
The first application of EDXD techniques to highpressure experiments was made by Freud & LaMori (1969) , who cut 'viewing ports' into a highcompression belt apparatus, thereby replicating the geometry used in neutron time-of-flight experiments. They obtained high-pressure EDXD data from Fe following a 14 h exposure and from NaC1 after an exposure of five hours. Later, a similar arrangement was made in a piston-cylinder device by Albritton & Margrave (1972) for high-pressure studies of KCI. Inoue (1975) initiated a series of EDXD high-pressure experiments with a cubic press and Inoue, Nakaue & Yagi (1975) equipped the cubic press with a resistive heater, thereby permitting variable pressure and variable temperature measurements to 13GPa and 1773 K. They measured the melting curve of Pb up to 9.0 GPa with this apparatus.
The first instance in which EDXD techniques were combined with a diamond-anvil pressure cell was reported by Skelton (1972) where Bi was studied to 7.2 GPa. Since then, numerous improvements in the technique have been developed in many laboratories. One difficulty often encountered with the diamond cells in terms of both EDXD and the more conventional angular dispersive X-ray diffraction is related to the microscopic dimensions of the pressure cavity. Typically this cavity is formed by a hole drilled in a hardened metal gasket and sealed at either end by the planar surfaces of the diamond anvils. By limiting the dimensions of the hole to a few hundred micrometers, pressures of tens of GPa can routinely be achieved. However, because of the microscopic sample, X-ray scattering experiments with conventional (sealed beam) X-ray tube sources generally required extended periods of time for completion, e.g. angular dispersive diffraction experiments, performed at NRL with a Mo X-ray tube operated at 48 kV and 14 mA, typically require from 24 to 72 h of continuous exposure for satisfactory data. There are also difficulties in interpreting EDXD intensity data obtained with a conventional X-ray tube because of the nonuniformity of the energy-intensity profile of the incident beam.
Another means of obtaining X-ray diffraction data 0021-8898/82/010082-07501.00 ~ 1982 International Union of Crystallography from the microscopic cavity of a diamond-anvil pressure cell was recently introduced by Fujii, Shimomura, Takemura, Hoshino & Minomura (1980) , viz to illuminate the sample with monochromatized radiation and detect the scattered photons with a position-sensitive proportional counter. However, although the authors do achieve an improvement in the signal-to-noise ratio with this technique, significant reductions do not appear to have been realized in the data collection times, e.g. in their more detailed work on this subject (Fujii, Shimomura, Takemura, Hoshino & Minomura, 1980b) , they report measuring times of 81920s (~_22 h, 45 min). An obvious means of significantly improving the data collection efficiency in experiments where weak diffraction signals are encountered, and also addressing some of the other interpretational difficulties, is by replacing the conventional X-ray tube with a synchrotron radiation (SR) source. The uniformly varying, highly polarized, and very brilliant X-ray beam produced by orbiting, high-energy electrons represents an extremely desirable photon source, especially when weak diffraction signals are anticipated. Detailed discussions of SR sources, along with their characteristics and properties may be found in two recent texts on the subject, cf Kunz (1979) and Winick & Doniach (1980) . The first utilization of SR for EDXD experiments was made by Buras, Staun Olsen & Gerward (1976) who obtained diffraction spectra from polycrystalline Fe with a Si(Li) detector in 690s and with a Ge detector in 500s at the Deutsches Elektronen-Synchrotron, DESY. Independently, Bordas, Glazer, Howard & Bourdillon (1977) used the Daresbury synchrotron, NINA, to measure Debye-Waller factors and structure factors of polycrystalline NaC1 and KC1 samples with EDXD techniques.
To the best of our knowledge, to date only three groups have employed SR in conjunction with X-ray experiments under conditions of varied pressure. Two of these studies are related to high-pressure EXAFS measurements: the original work in this area by Ingalls, Garcia & Stern (1978) , which was quickly followed by that of Shimomura, Fukamachi, Kawamura, Hosoya, Hunter & Bienenstock (1978) . Since their original reports, both groups have published more definitive details of their studies, cf Ingalls, Whitmore, Tranquada & Crozier (1980) and Shimomura, Kawamura, Fukamachi, Hosoya, Hunter & Bienenstock (1980) . The only other group, of which we are aware, which has used SR for high-pressure research is that of Buras, Staun Olsen, Gerward, Will & Hinze (1977) . They looked at several materials as a function of pressure: (1)diffraction spectra were recorded from TeO z in both the low-pressure (tetragonal) and highpressure (orthorhombic) phases with scans of 2000 and 1000 s duration, respectively; (2)the fluorescent radiation from AgI was measured at two different pressures; and (3)the volume compressibility of FeS was measured.
Continuing the development of this experimental technique, we have performed a number of EDXD experiments at the Stanford Synchrotron Radiation Laboratory (SSRL) with a clamped diamond-anvil pressure cell. Some of the initial results of these studies have already been reported by Skelton (1981) . In this paper, more definitive details of the experimental procedures are given, along with some recent data on the compressibilities and phase transitions in KCI and KI.
Experimental procedures
(a) High-pressure system All of the high-pressure measurements reported in this paper were performed in a clamp-type diamondanvil pressure cell of the type originally designed by Bassett, Takahashi & Stook (1967) , with modifications noted by Skelton, Liu & Spain (1977) . The samples, high-purity potassium halides, were premixed with NaC1 which served as a pressure calibrant. The sample-calibrant mixture was loaded into a 0.10 or 0.15 mm diameter hole drilled in a hardened metal gasket, usually Mo. Before sealing, the pressure cavity was filled with a 4:1 methanol:ethanol mixture in the usual manner (of. Piermarini, Block & Barnett, 1973) to ensure a hydrostatic pressure environment. The pressures were determined from the measured shift in the NaCl diffraction peaks by means of the equationof-state calculations of Decker (1971) .
(b) Photon detection and analysis system
A Li-drifted Si detector is used to detect the scattered X-ray photons and to generate voltage pulses proportional to their respective energies. These pulses are passed through a preamplifier, followed by a spectroscopic amplifier, and then processed and stored in a 1024 channel analyzer (MCA). The combined energy resolution of the Si(Li) detector and associated electronics, defined as the full width at half maximum of the energy peaks, has been measured from 5.9 to 44-5 keV with the use of a number of radioactive isotopes. At 5894 eV (the weighted energy of the Mn K~ and K~2 peaks), the resolution is 149+3 eV or about 3%; at 44 474 eV (Tb K~ 2 peak), the resolution is about 390 eV or 9~o. The contour of the experimentally measured resolution curve is consistent with that predicted by the Aitken expression, cfequation (2) in Buras, Niimura & Staun Olsen (1978) .
The energy calibration of the MCA was accomplished with the use of 18 characteristic X-ray peaks obtained from a number of radioactive isotopes. The high degree of linearity of the energy calibration curve is reflected in the measured coefficient of determi-nation of 0.9999902. (A straight line has a coefficient of determination of exactly 1.) The standard error of estimate between the measured and fitted energy values was calculated to be +_ 15 eV, well below the resolution of the system.
The detector was equipped with a receiving beam collimator with a variable aperture adjustable from 0-25 to 0.001" in both width and height. The active area of the detector window (4 mm diameter) was positioned more than 600 mm from the scattering center and, for data collection, the horizontal aperture was closed to a width of 130 ~tm, thereby providing an angular window width of less than 0.25 mrad in 20. At a detection angle of, for example, 14 in 20, this represents an angular resolution of 0.1Uo, well below the energy resolution of the photon detection system.
(c) Set-up in the SR experimental chamber
A constraint imposed at SSRL for reasons of personnel radiation protection is that the entire experiment must be totally contained within a radiation chamber, or hutch, and access to the hutch is prohibited whenever the radiation beam stops are open. Therefore, remote-control capabilities are mandatory. Complete spectral characteristics of the SR beam are available from SSRL. Under SPEAR conditions, which are considered typical for the work carried out in this program, viz 3.0-3-5 GeV electron energies at stored currents ranging from ca 80 to 30 mA, the maximum available flux at, for example, 20_+ 1 keV photon energies, will range from 7-5 to 120 photons s-~ mrad-1
The beam cross section at the hutch is roughly rectangular. The horizontal angular acceptance of the beam on this line is 1.0 mrad and, at 17.3 m from the source point, this corresponds to a beam width of 17.3 mm. The angular height of the beam is energy dependent and approximately Gaussian in shape. This dimension can be calculated to the point where the intensity drops to about 1°,o of its maximum value from the following empirical expression (Hunter, 1981) :
where E~= 2218 E~/R
(2) and R is the radius of the ring in m (12.7m for SPEAR), E e is the operating potential of the electron ring in GeV and Ep is the associated photon energy in keV. For the experimental conditions employed in this work, the beam height on entrance to the hutch ranges from 6-8 mm for 10 keV photons at 3.0 GeV, to 3.2mm for 80keV photons at 3.5GeV. Our experience has shown that the intensity distribution across this area is not uniform, the brightest spot being located near the left edge, as viewed looking toward the oncoming beam.* Once the brightest part of the beam is identified, the remainder is masked off with Pb shielding and the part of the beam to be used is then defined with a variable slit aperture similar to that mounted on the detector.i" The detector is mounted on a translation-rotation table providing two independent step or slew motions controllable from outside the hutch. One axis (z) provides a horizontal translation of 12" with a repeatable setting accuracy of _+0.00005" and movement capability of 101am per step. The other axis (~o) provides a 36ff rotary motion about a vertical axis with a repeatable setting accuracy of + 0.2' and movement capability of 0-5' per step. This table is aligned with the z axis normal to the beam path. Appropriately coupled motions of z and ~o provide the capability of scanning or setting any value of 20 within the limits of the system (20< 30 ~) from outside the hutch.
A second two-axis micropositioner is used to mount the sample, in this case the pressure cell, in the incident beam path. These two axes provide horizontal (x) and vertical (3,) translation capabilities normal to the beam of up to 50 mm. The stepping motors controlling these motions move at 1 l.tm per step and have a repositional * Although in principle the most intense part of the beam could be identified photographically, we have found it difficult to open and close the beam stops quickly enough for a suitable exposure and, rather than experiment with the amount of absorbing material that would be necessary to increase the exposure time to a few seconds, we have found it easier to use a 'salt marker'. The color centers produced in most alkali halides on exposure to radiation permit rapid identification of the beam position and relative intensity distribution. Common table salt, sprinkled on some double-sided tape, provides a convenient and simple means of placing the marker in the beam path; darkening of the irradiated region occurs within a second.
1" It should be noted that, since these high-pressure experiments only require a very small portion of a much larger beam, the experiment is not overly sensitive to small perturbations in the electron beam orbit. This may not be the case on some of the other beam lines at SSRL where, for example, the positions of focusing mirrors and monochromating crystals relative to the beam are very critical and unexpected variations in the electron orbit can cause movement of the focus. However, it is recommended that, for EDXD intensity studies, an ionization chamber be placed in the beam path, downstream of the photon detector, for purposes of monitoring the intensity of the SR beam. accuracy of -t-0-5 l.tm. A schematic diagram of the experimental set up is shown in Fig. 1 .
(d) Alignment and calibration
The alignment of the pressure cell in the SR beam and the calibration of the 20 angle are accomplished with the use of scattering from a standard material loaded in the cell under zero load, i.e. at atmospheric pressure. The detector is mounted with its window centered vertically on the SR beam. The x,y coordinates of the cell are adjusted to maximize the measured diffraction intensity, thereby positioning the pressure cavity in the most intense part of the SR beam.
The z, tp coordinates of the detector are calibrated by setting z to a low value, designated as z A, usually about 100 mm from the beam path, and closing the energy window on the MCA so that only a single peak coming from the sample is recorded, either a strong diffraction peak or a fluorescence peak. The latter has the advantage of not shifting in energy with changes in the diffraction angle and therefore not requiring readjustment of the MCA energy window. The q9 setting of the detector is then adjusted so that the signal from the sample is optimized, whereupon the MCA window is opened and the diffraction spectrum recorded. The absolute 20 angle for this setting, 20 A, is calculated from the measured energies of the diffraction peaks in the spectrum and the Bragg relation:
where Ehk I and dhk t are the energy and d spacing associated with the hkl diffraction peak, h is Planck's constant, and c is the photon speed. The uncertainty in our determination of 20 is estimated to be less than +0.02 ° . The z coordinate of the detector is then moved about 300mm further from the beam to a new position, zs, whence Az=lz A-zB] is known to within + 2.5 lam from the digital readout on the encoders on the z axis translation stage. The correct value of the diffraction angle associated with this setting, 20B, is determined from the diffraction spectrum in the same manner as above. Then, by using the following trigonometric relation, the distance along the beam path from the scattering center to the z axis, denoted as R in Fig. 1 , can be evaluated:
The encoders on the z,q~ motions are then set to display the absolute values and hereafter any 20 angle within the limits of the system can be set by suitable adjustments of ~0 [=20] and z [=R tan(20) ].
To check the accuracy of these settings, the detector was positioned at 20 angles of 10, 12, 14 ..... 26 ° and, based on the energy spectrum recorded at each angle, the value of the NaC1 unit-cell parameter was de-termined. The percent deviations of these measured values from the accepted value of 5-6402 A are plotted versus 20 in Fig. 2 . In all cases, the variance is less than +0.1%, which is representative of the inherent uncertainty of d-spacing measurements with this system. These angular dependent spectra were also used to estimate the practical operating limits of EDXD with SR in terms of both photon energies and diffraction angles. The upper energy limit is determined by a combination of the absorption of the Si(Li) detector crystal and the number of higher-energy photons available in the beam. The detection efficiency is less than 20% for photon energies above 60 keV. (It is noted, however, that with SPEAR running at 3.0 GeV, which corresponds to a critical photon energy of 4.7 keV, we were able to collect diffraction data up to 80 keV, albeit at very modest counting rates.)
Photon absorption by the diamond anvils of the pressure cell establishes the lower photon useful energy limit. Our experience has been that it is difficult to detect diffraction peaks at photon energies below ca 15 keV. Thus it is estimated that the useful energy limits for EDXD with a Si(Li) detector are approximately 15 to 60 keV. [Ge detectors are more efficient for higher-energy photons, so a preferred experimental arrangement would incorporate a pair of solid-slate detectors, a Si(Li) on one side to cover the 15 to 60 keV range and a Ge detector on the other side for the higher-energy photons. If the two detectors were set at different diffraction angles, it would also be possible to compare their output in the overlap region in order to discriminate against energy peaks of nondiffraction origin, i.e. all EDXD peaks would be separated by the difference in the angular positions of the two detectors.]
As mentioned above, SR-produced photons are almost totally polarized in the plane of the storage ring. As a consequence of this, if EDXD data are collected with the detector positioned in the horizon- tal plane, as in the case here, then the attenuation of the diffracted photons due to polarization becomes most debilitating as the detector approaches 90 ° in 20. Because of this and the strong angular dependence of the Lorentz factor, we have found it difficult to collect EDXD data rapidly at diffraction angles much above 20 ° in 20.
Results and discussion
In an effort to gain a better assessment of the capabilities of this system and EDXD with SR, in two separate experiments the pressure cell was loaded with approximately a 1:1 mixture, by volume, of first KC1 +NaC1 and then KI+NaC1, in addition to the alcohol mixture as noted above. The objective of the measurements was to examine the well-known firstorder structural phase transition which occurs in these potassium halides at elevated pressures. As reported by Nomura, Yamamoto, Nakagiri, Shirai & Fujiwara (1979) at room temperature and about 2.10 GPa, KCI transforms reversibly from its normal B1 (or NaC1type) structure into the B2 (or CsCl-type) structure; the transformation is accompanied by about a 10~o decrease in volume. The same transition occurs in KI at about 1.88 GPa (Nomura et al., 1979) . Since all the materials of interest here are cubic, i.e. the NaCI calibrant and each phase of the potassium halides, only one diffraction peak from each material is required to determine the pressure and volume of each phase. Therefore, in order to optimize the data collection efficiency by minimizing the dead-time of the MCA, the MCA energy window was adjusted to include only the three diffraction peaks of interest: NaC1 200, K(C1 or I) B1 phase 200 and K(CI or I) B2 phase 110. At a 20 setting of 12.00 ~, this corresponds to an energy range from 18 to 23 keV for KCl and at 20 = 9.78 °, from 20.7 to 27 keV for KI.
It is well known that these phase transformations exhibit a rather broad hystersis loop, the width of which was also recently measured by Nomura et al. (1979) . However, since only the B1 phase is stable below the transition pressure, P,, and only the B2 phase above 1°,, the actual width of the hysteresis loop will be dependent on the particular details of the highpressure system and the temperature. Akimoto, Hamaya & Yagi (1980) have also studied the Bl-to-B2 transition in KC1; inter alia they measured the pressure dependence of the transition rate. Expanding on the earlier work, we have carried out studies of the temperature dependence of the hysteresis loop in these materials; these results will be reported elsewhere (Skelton, Spain, Qadri & Menoni, 1981) .
Since the NaCI pressure calibrant is cubic, the fractional pressure-induced photon energy shift in its diffraction peaks will be the same for all peaks and equivalently one-third of the fractional volume change, i.e.
AE
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The measured values of A E/E were used in conjunction with Decker's (1971) equation-of-state calculations to determine the pressure. Based on five separate measurements of the NaC1 200 peak, the variance in the fractional energy change is +0-59/0 which, for the pressure range of interest here, corresponds to an accuracy in the pressure determination of +0-05 GPa. Similar reactions are observed with increasing pressure for both KC1 and KI and, as an example, the energy-intensity profiles are plotted as a function of increasing pressure in Fig. 3 . These spectra were recorded as the pressure was increased from 0.83 to 3"17 GPa. Below 19 only the B1 phase is seen; at a pressure of about 1.8 GPa, the KI enters the twophase region and the B1 200 and B2 110 peaks are recorded simultaneously. As the pressure is increased above this, the transition is completed and only the B2 phase is seen.
It should be noted that each of the ten spectra shown in Fig. 3 were recorded for only 100 s, thus the total time required to obtain these data was less than 17 min. As noted above, with conventional radiation sources and photographic techniques, we would expect that from one to three days would be needed to acquire this amount of information. So, in this case, an experiment that might have required from 10 to 30 d was, in fact, performed in less than 17 min.
Since the 100 s scan duration was set, more or less, arbitrarily, we attempted to determine the minimum 5>" 83,, Fig. 3 . Energy-intensity spectra taken of NaCI (calibrant) and KI as a function of increasing pressure from 0.83 to 3.17 GPa; the three strong diffraction peaks are, in terms of increasing energy, the KI B1 phase 200 peak, KI B2 phase 110 peak and NaCI 200; the weak peak at about 22.3 keV is the NaCI Ill reflection. Each spectrum was measured for a period of 100 s.
scan time necessary to evaluate the respective peak energies. A spectrum recorded from KC1 at 1.91 GPa, i.e. in the two-phase region, was used for this test. This spectrum was repeatedly measured for scan durations increasing from 0.5 to 1000 s. For each of the three peaks, the 1000 s value was taken as the most accurate and the percent deviation from that value is plotted in Fig. 4 . In all cases, the scatter in the results is less than +_0.4%, which indicates that, at least in this case, lattice-parameter data can be acquired from a highpressure environment with a precision of _+0.4% in less than a second. For scan durations greater than 100 s, the scatter is less than +_0.1% which, as noted above, is believed to be representative of the uncertainty inherent in this system. We did not have any means of limiting the scan duration to times of less than 0-5 s, and therefore the actual limit of this technique has not yet been determined.
The results of the compressibility measurements are plotted for KCI and KI in Figs. 5 and 6, respectively. Fig. 4 . Percent deviation of the respective diffraction peak energies of the NaCi 200 peak (x), the KCI BI phase 200 peak (O), and the KCI B2 phase 110 peak (l--q) from the values obtained for each of these peaks following a 1000 s measurement duration.
The curves running through the data represent second-order least-squares fits. These compression data are in agreement with those previously reported by Nomura et al. (1979) . Our hysteresis loops are somewhat wider than those measured by Nomura et al.; 1.07 GPa for KCI and 0.88 GPa for KI measured in this work, compared with 0.87 and 0.35 GPa, respectively, determined by Nomura et al. However, as stated above, we believe that the width of the hysteresis loop, since it relates to a non-equilibrium phenomenon, is dependent on the specifics of the pressure system as well as the temperature. Indeed, we have found that the loop does tend to close with increased temperatures .
Conclusions
In summary, we have presented extensive details describing an experimental system which can be transported to a SR facility and a procedure whereby this system can be used to obtain structural information from a diamond-anvil-type pressure cell in fractions of the time normally required. Diffraction peaks can be identified and measured to an accuracy of +_0.1% within 200 s and to an accuracy of +_0.4% within 0"5 s or less. Useful photon energies for rapid acquisition of EDXD data from a diamond-anvil pressure cell with a Si(Li) detector range from ca 15 to 60 keV and, owing to Lorentz-polarization effects, for measurements made in the plane of the electron ring, EDXD data can be collected most efficiently below 20 ~ in 20. We believe that there is great potential for using SR in conjunction with high-pressure research in terms of high-speed data collection, e.g. for the study of pressureinduced chemical reactions or the kinetics of pressureinduced phase transitions.
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